Tissue plasminogen activator (t-PA) and/or pro-urokinase (pro-UK) induced lysis of standard '251-fibrin clots suspended in plasma was studied. Doses were kept below the concentration at which a nonspecific effect was seen, i.e., where fibrinogenolysis and major plasminogen consumption were observed. Small amounts of t-PA potentiated clot lysis by pro-UK by attenuating the lag phase characteristic of pro-UK, and causing a much earlier transition to the rapid phase of lysis. Similar promotion of the fibrinolytic effect of pro-UK was obtained when clots were pretreated with UK or with a little plasmin (< 1% clot lysis). Promotion by plasmin was nullified by a subsequent treatment of the clot with carboxypeptidase B, indicating that the plasmin effect was related to the exposure of carboxy terminal lysine residues on fibrin. These lysine termini, absent in undegraded fibrin, are known to be essential for the high affinity binding of plasminogen to fibrin. In contrast, clot lysis by t-PA was unaffected by plasmin pretreatment and little affected by carboxypeptidase B treatment of the fibrin substrate. Therefore, plasminogen bound to lysine termini on fibrin, although found to be essential for pro-UK, did not appear to serve as a substrate for t-PA.
Introduction
Both tissue-type plasminogen activator (t-PA)' and urinarytype single chain plasminogen activator, more commonly called pro-urokinase (pro-UK), induce a selective activation of fibrin-bound plasminogen, while sparing free or systemic plasminogen and thus fibrinogen. They differ significantly, however, in the mechanisms by which this fibrin specificity is achieved.
Tissue plasminogen activator binds strongly to fibrin. As a result, a ternary complex with plasminogen bound to a neighboring region on fibrin is formed. This complex enables plasmin generation and fibrinolysis to take place (1) . Although this mechanism is well established, the t-PA binding site on fibrin has not been identified.
Although pro-UK was discovered in urine as a result of its binding to fibrin/Celite (2, 3) , it has been found not to have a significant fibrin clot affinity in a plasma milieu (4) . Instead, the fibrin selectivity of pro-UK in plasma has been attributed to its selective activation of fibrin-bound plasminogen (5) due to the conformational change that occurs in Glu-plasminogen when its high affinity lysine binding site is occupied by a lysine residue (6) . This conformational change makes it functionally equivalent to Lys-plasminogen, which is far more sensitive to activation by pro-UK than is Glu-plasminogen (7). Alternatively, it has been suggested that fibrin. dissociates a complex, made up of pro-UK with a competitive inhibitor, thereby triggering fibrinolysis (8) . However, this inhibitor remains to be identified and a pro-UK complex has not been demonstrated. Some insight into the mechanisms by which pro-UK or t-PA selectively activate fibrin bound plasminogen may be obtained by studying their effects in a model clot lysis system. This has shown that the two activators are synergistic in certain combinations (9, 10) suggesting complementary mechanisms of action. However, synergism has been contested by other investigators who failed to find synergism in vitro (11) while finding it in vivo (12, 13) .
In the present study, the presence of synergism in a plasma milieu in vitro is reevaluated, and an explanation for its apparent occurrence is offered based on the finding that t-PA and pro-UK appeared to activate different plasminogens on the fibrin clot.
Methods
Materials rified" grade) was purchased from Calbiochem-Behring (Torry Pines, CA).
Human fibrinogen was a product of Kabi Vitrum (Stockholm, Sweden). Plasminogen was removed by passage of a diisopropylflourophosphate (DFP) treated solution over Lysine-Sepharose equilibrated to 5 mM trisodium citrate, 0.15 M NaCl. The product was then dialyzed against 0.05 M hydroxyethylpiperazinesulfonic acid (Hepes) (pH 7.4), 0.15 M NaCi.
Carboxypeptidase B (porcine pancreatic, DFP treated) was obtained from Sigma Chemical Co. The preparation was > 98% pure by SDS-PAGE and had no effect on the chromogenic activities of UK or plasmin, or on the activation of plasminogen by UK in buffer. These assays were performed as previously described (5) . Unitage for the carboxypeptidase B was taken as provided by the supplier.
Procedure
Standard clot lysis system. '25I-labeled fibrin clots were prepared from plasminogen-free fibrinogen (Kabi, Stockholm, Sweden; 5 mg/ml) mixed with '251-labeled human fibrinogen (Ibrin; Amersham Corp., Arlington Heights, IL). Fibrinogen (0.25 ml) was clotted by addition of 10 mM CaCl2 and thrombin (Thrombostat; Parke-Davis Co., Detroit, MI; final 1 NIH U/ml). Clots were formed in 5 mm (i.d.) glass tubing, incubated for 2 h at room temperature, and stored refrigerated.
For lysis, clots were expressed intact from the forming tube and suspended in 3 ml of bank citrated plasma with added activators and incubated at 370C. Lysis was monitored by taking 50-Ml aliquots from the supernatant at time points for counting of released radioactivity. Some Examination ofmaximal rates offibrin specific lysis. Fibrin specificity was defined as complete clot lysis without degradation of fibrinogen or loss of plasminogen. In the standard system lysis was induced by a dose-response series of each activator: pro-UK, 200-600 ng/ml; and t-PA, 30-250 ng/ml. The threshold ofspecificity was judged as the concentration just below that which showed a significant loss in plasminogen and fibrinogen in the plasma at the end of lysis. For this series, 5 ml ofplasma was used in order to dilute the potentiating effect of fibrin degradation products on nonspecificity. Plasminogen was assayed as described previously (5) . Fibrinogen was assayed as thrombin clottable protein. The rate of lysis (in percent lysis/hour) was calculated for the linear portions of the lysis curves in each case. Lysis rates were also determined for a range of combinations of the two activators that preserved specificity.
Results
At a concentration of 300 ng/ml, pro-UK induced clot lysis, which was characterized by a lag phase in which < 10% lysis occurred in the first 90 min, at which time there was an abrupt acceleration to a linear rate of -20%/hour until the fibrin substrate remaining became rate limiting. The addition of 100 ng/ml of UK (which by itself induced no appreciable lysis) promoted pro-UK induced lysis dramatically. Most notable was the shortening of the lag phase and the earlier establishment of the rapid linear rate of lysis. Consequently, lysis at 90 min was nearly 50% complete. Similar results were obtained when the activators were used sequentially rather than in simultaneous combination. When clots were treated for one hour with UK in plasma, washed in fresh plasma to allow for inhibition of plasmin, and transferred to fresh plasma containing pro-UK, marked potentiation of pro-UK induced clot lysis was again seen (Fig. 1 A) .
At a concentration of 50 ng/ml, t-PA induced clot lysis that was comparable overall to that induced by 300 ng/ml pro-UK, but proceeded at a very different rate. When the activators were combined, clot lysis was promoted to an extent greater than an additive effect. (The combination induced 50% clot lysis equivalent to > 250 ng/ml t-PA or > 600 ng/ml pro-UK [Figs. 1 B and 5.]) When 50 ng/ml t-PA in plasma was used as a pretreatment for clots, followed by extensive washing and transfer to fresh pro-UK, 300 ng/ml (x); t-PA, 50 ng/ml (A); simultaneous pro-UK plus t-PA (o); clots pretreated for 1 h with t-PA in plasma, followed by incubation with pro-UK (o). plasma containing 300 ng/ml pro-UK, a similar promotive effect on subsequent lysis by pro-UK was seen (Fig. 1 B) . By contrast, when similar pretreatment with t-PA was followed by transfer to fresh plasma containing more t-PA at the same concentration, there was no promotive effect (not shown).
The feature common to the action of UK and t-PA was the nearly immediate onset of lysis and thus an early degree of plasmic modification of the fibrin surface. To examine the contribution of this factor, clots were pretreated with plasmin itself in buffer for various times up to 30 min and then incubated in plasma to inhibit the plasmin. Less than 1% clot lysis was induced by this pretreatment, based on the amount of radioactivity released into the supernatant. There was again a dramatic increase in susceptibility to pro-UK induced lysis compared with an untreated clot. In contrast, there was no such influence of plasmin pretreatment of clots on the course of t-PA-induced clot lysis (Fig. 2) .
The effect of plasmin treatment of the fibrin clots on pro-UK-induced lysis could be completely abolished by an intervening treatment with carboxypeptidase B, which removes the carboxy-terminal basic amino acids from the plasmin cleaved fragments at the fibrin surface. In contrast, t-PA induced clot lysis was insignificantly affected since lysis of untreated, plasmin treated, or carboxypeptidase B-treated clots was comparable (Fig. 3) .
The release of lysine by carboxypeptidase B treatment of plasmin treated fibrin (1-2% digested) was shown by amino acid analysis of a supernatant after incubation. There was a PRO-UK yield of 0.4 nmol lysine above the control background.
Considering three lysine termini of a half-degraded fibrin monomer, this is equivalent to 45 ,g of fibrin or about 2% of the fibrin available.
Carboxypeptidase B had an inhibitory effect when added directly to the plasma clot lysis mixture rather than used as a pretreatment. The induction of lysis by t-PA, pro-UK, and by UK were all sensitive to the presence of carboxypeptidase B (not shown). Thus great care was taken to exhaustively wash fibrin clots in the carboxypeptidase B pretreatment experiments to fully extract the enzyme in order to eliminate any continuing effect on any elements of the fibrinolytic system. That washing was sufficient was evidenced by the absence of inhibition by carboxypeptidase B pretreatment on t-PA induced fibrinolysis, whereas inhibition regularly occurred when carboxypeptidase B was present.
Synergism was most pronounced when carboxypeptidase B treated clots were used. The combination oft-PA and pro-UK overcame the extreme retarding effect of carboxypeptidase B pretreatment of the clots on pro-UK induced lysis. Though lysis by pro-UK was < 10% in 5 d and lysis by t-PA at this low dose (10 ng/ml) was only 50% in 5 d, lysis induced by the combination was complete within 1 d (Fig. 4) .
The maximal rate of fibrin specific lysis unaccompanied by a significant loss of plasminogen or fibrinogen was determined for pro-UK and for t-PA. The dose-response series showed that the lag phase for pro-UK persisted even at the maximal specific dose. By contrast, the most rapid clot lysis by t-PA oc- cuffed at the beginning and was followed by a deceleration after 1-2 h, before the fibrin substrate became limiting. In this system, specificity was lost with pro-UK > 600 ng/ml and with t-PA > 250 ng/ml (Fig. 5) .
The combination of pro-UK and t-PA at the maximal concentrations used above produced significant plasminogen and fibrinogen losses. However, at certain combinations ofthe two activators, the rate of lysis (slope of the lysis curve) could be greatly enhanced without loss of specificity. Both high and low ratios of pro-UK to t-PA were examined. The optimal performance in terms of lysis rate with maintenance of specificity was obtained with a combination of a near maximal amount ofpro-UK and a relatively small amount oft-PA. The peak lysis rate (slope of the steepest phase) at maximum doses was comparable for pro-UK and for t-PA (-45% per hour) as calculated from Fig. 5 . The mean lysis rate at the maximum dose was slightly greater for pro-UK (29%/h) than for t-PA (21%/h). By comparison, a combination of 500 ng/ml of pro-UK with 50 ng/ml of t-PA achieved a peak rate of 60% clot lysis per hour and a mean of 50% per hour without significant loss of either plasminogen or fibrinogen, indicating that fibrin Figure 4 . Lysis of carboxypeptidase B-treated clots by pro-UK, 300 ng/ml (A); t-PA, 50 ng/ml (o); or by a combination of these (x). selective plasminogen activation was significantly enhanced by this combination (Fig. 6 ).
Discussion
Clot lysis induced by pure pro-UK in the model system was characterized by an inefficient onset followed by a rapid linear rate of lysis. In contrast, clot lysis by t-PA started off briskly and then slowed to follow a less steep linear time course. The maximal rate of fibrin specific lysis by pro-UK in its second phase and of t-PA in its initial phase were comparable though the time to complete clot lysis by pro-UK was less. The combination at a high pro-UK to t-PA ratio induced clot lysis that was about twice as rapid as with either activator alone indicating that significantly more fibrin localized plasminogen activation was possible with combinations compared with either activator alone.
We have found previously that combinations of pro-UK and t-PA, at high concentration ratios (2 5:1), induced a greater than additive effect without compromise of specificity (9) . This phenomenon was associated with attenuation of the lag phase of pro-UK-induced clot lysis by t-PA. In the present study, similar potentiation of clot lysis was obtained by the addition of a small amount of UK to pro-UK, or by pretreatment ofclots with UK followed by incubation with pro-UK. In each of these experiments, the lag phase of pro-UK induced lysis was markedly attenuated.
It was previously postulated that potentiation of pro-UK induced clot lysis in these experiments was mediated by plasmic modification of fibrin, induced by the early onset ofaction of t-PA (9). This conclusion was supported by the present findings that pretreatment of clots with a little plasmin, sufficient only to induce < 1% clot lysis, similarly potentiated pro-UK-induced lysis. By contrast, plasmin pretreatment of clots did not potentiate t-PA induced clot lysis.
Harpel has observed that plasmin exposes new plasminogen binding sites on fibrin (15) . Selective activation by pro-UK of fibrin bound plasminogen, in contrast to free native plasminogen, has been proposed as the mechanism responsible for the fibrin specificity of pro-UK in vitro (5) . Since plasmin exposes carboxy-terminal lysine residues on fibrin, the findings implicate these terminal lysines as the plasminogen binding domains on fibrin critical to pro-UK induced clot lysis.
Plasmin degrades fibrin(ogen) by proteolytic cleavage at certain lysine and arginine residues, separating fragments E and D (or D-dimer) as soluble products and releasing terminal peptides from the a-and y-chains (6). As a result, C-terminal lysines are exposed, which are binding sites for plasminogen. Plasmic fragments of fibrin(ogen) have variously been shown to bind plasminogen (17, 18) . Christensen (18) found that the binding of fragment E to plasminogen-Sepharose was completely abolished by treatment with carboxypeptidase B, an enzyme which specifically removes carboxy-terminal basic amino acids (19), further implicating lysine C-termini on fibrin derivatives.
In the present study, carboxypeptidase B was found to reverse the potentiating effect of plasmin on pro-UK induced clot lysis confirming that the potentiation was due to the exposure of carboxy-terminal lysines. Furthermore, carboxypeptidase B pretreatment of clots, followed by washing, greatly (20) . This effect on plasmin helps to sustain fibrinolysis.
Tissue plasminogen activator binds tightly to fibrin and forms a ternary complex with fibrin bound plasminogen. This mechanism is responsible for plasminogen activation and for the fibrin specificity of t-PA-induced clot lysis (1) . Although, the precise binding site for t-PA on fibrin has not been identified, Niewenhuizen has shown that an internal lysine (residue Aa-Lys-1 57) is important for the stimulation of plasminogen activation by t-PA (21, 22). This conforms to the determinant for the "amino-hexyl" binding site on plasminogen kringle 5 described by Christensen (23). Our findings that neither plas- Figure 6 . Rates of clot lysis (in percent per hour) for each activator just below their respective thresholds of specificity: pro-UK (600 ng/ml), t-PA (250 ng/ml); and for a combination of pro-UK (500 ng/ml) and t-PA (50 ng/ml). Pro-urokinase does not bind to a fibrin clot suspended in plasma (4) . The present study shows that pro-UK also does not activate the plasminogen bound to the internal lysine residue which is the substrate for t-PA. This is evidenced by the initial resistance of the undegraded clot, containing no C-terminal lysines, to pro-UK induced lysis as shown by the characteristic lag phase which was abolished by plasmin. The dependence of pro-UK on the presence of terminal lysine residues suggests that this binding site, and not the internal lysines, induces the specific conformational change in plasminogen which makes it susceptible to activation by pro-UK. It has been suggested that the "pseudo-Lys"-conformation of Glu-plasminogen is responsible for the fibrin selectivity of pro-UK induced clot lysis. Fibrin specificity was lost when Glu-plasminogen in plasma was replaced by Lys-plasminogen (5) . Moreover, Lysplasminogen was shown to be far more sensitive than the Gluform to activation by pro-UK (7).
In conclusion, the findings indicate that t-PA and pro-UK induce fibrinolysis by complementary mechanisms by which their apparent synergism can be explained. Fig. 7 presents schematically the proposed sequence of events. The sites required for binding of t-PA and Glu-plasminogen to form the ternary activation complex are already present on the undegraded clot that leads to early plasmin generation and degradation of the fibrin surface, opening up a new class of Glu-plasminogen binding sites. Binding at these sites conformationally modifies the Glu-plasminogen to the form emulating Lysplasminogen. It is this form that is the preferred substrate for activation by pro-UK but which appears to be inaccessible to activation by t-PA. The pro-UK may be locally converted by the formed plasmin to UK, further accelerating clot lysis. The two different activation pathways can then proceed in a complementary fashion to efficiently consume the fibrin substrate. However, in the absence of t-PA (or UK) the creation of the second class of binding sites in the first step is very slow and rate limiting, explaining the slow onset oflysis when pro-UK is used alone. This schema helps explain why t-PA and pro-UK are each relatively inefficient fibrinolytic agents by themselves, as shown in vitro. The schema is also consistent with certain in vivo findings such as the high dosages that have been found necessary for effective therapeutic thrombolysis. The present study provides an experimental basis for a more efficient clinical strategy through the use of both activators together.
